Abstract | Heart failure with reduced ejection fraction (HFrEF) develops when cardiac output falls as a result of cardiac injury. The most well-recognized of the compensatory homeostatic responses to a fall in cardiac output are activation of the sympathetic nervous system and the renin-angiotensinaldosterone system (RAAS). In the short term, these 'neurohormonal' systems induce a number of changes in the heart, kidneys, and vasculature that are designed to maintain cardiovascular homeostasis. However, with chronic activation, these responses result in haemodynamic stress and exert deleterious effects on the heart and the circulation. Neurohormonal activation is now known to be one of the most important mechanisms underlying the progression of heart failure, and therapeutic antagonism of neurohormonal systems has become the cornerstone of contemporary pharmacotherapy for heart failure. In this Review, we discuss the effects of neurohormonal activation in HFrEF and highlight the mechanisms by which these systems contribute to disease progression.
Heart failure with reduced ejection fraction (HFrEF) classically develops after an 'index event' that reduces cardiac pump function. The index event could be an acute injury to the heart, such as myocardial infarction; or might develop slowly, as with long-standing haemodynamic overload; or occur in response to genetic variations that disrupt contractile function or lead to sarcolemmal fragility and myocyte death. The circulatory changes that arise from impaired myocardial pump function are sensed by peripheral arterial baroreceptors as 'underfilling' of the circulation. An important role for peripheral chemoreceptors and ergoreceptors has also been suggested. These sensory receptors activ ate a series of compensatory mechanisms that lead to changes in heart rate and cardiac contractility, salt and water retention, and constriction of the peripheral blood vessels 1 . These alterations work collectively to maintain cardiovascular homeostasis (FIG. 1) . The compensatory mechanisms that have been described thus far include: activation of the sympathetic (adrenergic) nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS), which maintain cardiac output through increased retention of salt and water, peripheral arterial vasoconstriction, and increased contractility; and inflammatory mediators 1 that are involved in cardiac repair and remodelling. In addition, HFrEF is characterized by important changes in several systems that normally antagonize SNS and RAAS activation, such as loss of parasympathetic tone and increased resistance to natriuretic peptides. Collectively, these responses are referred to as 'neurohormonal activation'
2 . The term 'neurohormone' reflects the original observation that many of the molecules involved in the pathophysiology of HFrEF are produced by the neuroendocrine system and affect the heart in an endocrine manner. However, many of the classic neurohormones such as noradrenaline and angiotensin II are now known to be synthesized directly within the myocardium and, therefore, act in an autocrine or paracrine manner. The important unifying concept that arises is that the overexpression of biologically active molecules contributes to disease progression through deleterious effects on the heart and circulation. These concepts were formalized by Packer in 1992 as the 'neurohormonal hypothesis' , which states that disease progression is caused by the deleterious effects of sustained neurohormonal activation on the heart and the circulation 3 . In this Review, we discuss the mechanisms by which neurohormonal activation drives the progression of HFrEF.
Neurohormonal activation
Control of circulating blood volume is a tightly regulated physiological process, and is critical for maintaining cardio vascular homeostasis. Changes in the 'effective' arterial blood volume of the peripheral circulation are sensed by baroreceptors located in the aorta and carotid sinus. In healthy individuals, 'high-pressure' carotid sinus and aortic arch baroreceptors and 'low-pressure' cardiopulmonary mechanoreceptors provide inhibitory signals to the central nervous system that repress the sympathetic outflow to the heart and peripheral circulation 4, 5 . Baroreceptor activity decreases in response to alterations in the pumping capacity of the heart, the effective circulating arterial volume, or both. The result is a withdrawal of parasympathetic tone and a reflex increase in sympathetic tone that leads to increased heart rate and contractility, as well as peripheral vasoconstriction.
Additional neurogenic inputs are now known to be involved in the development of the imbalance between the sympathetic and parasympathetic nervous systems in heart failure. Patients with heart failure have increased chemosensitivity to hypoxia and hyper capnia, and enhanced ergoreflex activity (that is, enhanced sensitivity to the metabolic effects of muscle work) 4, 5 . Increased chemo sensitivity correlates with increased neurohormonal activation, worsened functional capacity, and decreased survival 5 . Augmented ergoreceptor reflexes are associated with worsened symptoms and reduced exercise tolerance (peak VO 2 ) 6 . All these neurogenic systems are likely to have a role in sustained neuro hormonal activation, although the relative contrib ution of each system is unclear. A more detailed discussion of the imbalance between the sympathetic and parasympathetic nervous systems in HFrEF has been published previously 7 . Although the activation of these neurohormonal systems evolved to maintain cardio vascular homeostasis in the short term, the extant literature suggests that these compensatory mechanisms can cause additional damage to the heart and circulation when they are sustained 8, 9 . Furthermore, the degree of neurohormonal activation correlates with disease severity and clinical prognosis in heart failure [10] [11] [12] . Two separate lines of evidence support the point of view that neurohormonal activation is not simply a marker of disease severity, but also mediates worsening of heart failure. First, a number of studies using animal models have demonstrated that the concentrations of circulating neurohormones that are detected in patients with heart failure are sufficient to promote left ventricular (LV) dysfunction and remodelling [13] [14] [15] [16] [17] [18] . Second, pharmacological antagonism of neurohormonal systems leads to improved outcomes in patients with HFrEF [19] [20] [21] [22] [23] [24] . Indeed, antagonism of neurohormonal systems forms the basis for contemporary treatment of heart failure 25 .
Effects of neurohormonal activation
One of the most important neurohormonal adaptations in heart failure is activation of the SNS, which occurs very early in the course of the disease. There are increased circulating levels of the adrenergic neurotransmitter noradrenaline secondary to increased SNS signalling and noradrenaline release from adrenergic nerves with subsequent 'spillover' into the plasma, as well as reduced uptake by adrenergic nerve endings. As discussed below, sustained activation of the SNS exerts deleterious effects on the heart, kidneys, and peripheral vasculature (FIG. 2) . Increased SNS activation also has important effects on skeletal muscle, which are beyond the scope of this Review, but have been discussed previously 26 .
Renal function
Increased salt and water retention by the kidneys, which lead to pulmonary and peripheral oedema, are hallmarks of worsening heart failure. This oedematous state is not the result of intrinsic renal dysfunction per se, but rather an orchestrated response to increased SNS traffic to the kidney. Increased sympathetic activity leads to peripheral vasoconstriction of the afferent renal artery and decreased blood flow to the juxtaglomerular apparatus in the kidney, with resultant release of renin into the afferent arteriole by the juxtaglomerular apparatus. Increased SNS traffic to the kidney also activates β 1 -adrenergic receptors on the juxtaglomerular apparatus, which further stimulates the release of renin 27 . Angiotensinogen formed in the liver is converted by renin to angio tensin I (decapeptide). Angiotensin-converting enzyme (ACE) then cleaves two peptides from angiotensin I to form the octapeptide angiotensin II, a potent vasoconstrictor. Angiotensin II-mediated stimulation of the angiotensin II receptor type 1 (AT 1 ) in the zona glomerulosa of the adrenal glands leads to the release of aldosterone, which has important effects in the pathogenesis of heart failure. Collectively, upregulation of the components of the RAAS is referred to as 'RAAS activation' .
Activation of the RAAS leads to increased salt and water retention through multiple mechanisms. Angiotensin II directly causes sodium retention at the proximal tubule, whereas aldosterone leads to increased sodium resorption in the distal tubule. Angiotensin II also stimulates the thirst centre of the brain and provokes the release of arginine vasopressin, which has a critical role in the determination of free water clearance in the kidney. Normally in the setting of increased osmolality, arginine vasopressin is released, resulting in increased water retention, which returns osmolality to its normal physiological set point. However, arginine vasopressin levels are inappro priately elevated in many patients with heart failure 28 . This so-called nonosmotic release of arginine vaso pressin contributes to the development of hyponatraemia in patients with heart failure, as well increases in peripheral vasoconstriction and endothelin production 28 . Evidence suggests that additional short-chain peptides derived from angiotensin II-including the heptapeptide angiotensin III, and the hexapeptides angiotensin IV and angiotensin 1-7 -serve as effectors in the RAAS. Whereas angiotensin III binds to AT 1 , angiotensin 1-7 and angiotensin IV have specific receptors of their own. Although the exact role these shortchain peptides in clinical heart failure is not known, in experimental models, angiotensin 1-7 seems to
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• Heart failure with reduced ejection fraction (HFrEF) is initiated when an 'index event ' causes the pumping capacity of the heart to be impaired • Reduced pumping capacity of the heart results in compensatory activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system, which together is referred to as 'neurohormonal activation' • Neurohormonal activation results in a series of coordinated responses that collectively work to restore cardiovascular homeostasis in the short term • Sustained neurohormonal activation drives the progression of HFrEF through the deleterious effects exerted on the circulation and the myocardium • Antagonism of neurohormonal systems forms the basis of modern therapy for HFrEF counter act the effects of angiotensin II, and attenuates LV remodelling 29 . Angiotensin III directly stimulates the zona glomerulosa of the adrenal glands to produce aldosterone 30 , which promotes sodium resorption in the distal collecting duct of the kidney. Angiotensin III also has an important role in vasopressin release in the brain, which controls water retention in the distal collect ing duct of the kidney. Angiotensin III in the brain can also modulate cardiac nervous sympathetic hyperactivity, and LV remodelling after myocardial infarction 31 . Angiotensin IV is a metabolite of angiotensin III and might be involved in regulating vascular smooth muscle cell growth or regulating genes involved in atherogenesis and thrombosis 32 . Interestingly, despite the use of ACE inhibitors and angiotensin-receptor blockers (ARBs), aldosterone levels increase in ~30-40% of patients with heart failure 33 . This phenomenon is often referred to as 'aldosterone escape' , but more accurately should be referred to as 'aldosterone breakthrough' 34 . Although circulating levels of aldosterone initially decrease in patients who are treated with ACE inhibitors and ARBs, in some patients aldosterone levels will increase to greater than pretreatment levels. Although the mechanism of aldosterone breakthrough is thought to be secondary to an increased level of renin, the exact pathophysiology is not yet known. Indeed, aldosterone breakthrough might explain the effectiveness of mineralocorticoid-receptor antagonists in the RALES 21 and EPHESUS 35 trials.
A variety of feedback mechanisms are normally activ ated to offset the effects of the RAAS on sodium and water retention. Atrial natriuretic peptide and B-type natriuretic peptide are among the most important RAAS counter-regulatory hormones 36 . These peptides, which are produced in response to myo cardial or atrial stretch, lead to increased cGMP prod uction in target cells and functionally unload the heart through peripheral vasodilatation, as well as by inducing renal excretion of sodium and water. However, peripheral resistance to the natriuretic peptides occurs in the setting of heart failure. The RAAS, therefore, remains unopposed, contrib uting to the development of vasoconstriction and volume overload in these patients 28, [37] [38] [39] . The importance of natriuretic peptide resistance is highlighted by the development of the new class of angiotensin receptor-neprilysin inhibitors for the treatment of heart failure 36, 40 . Neprilysin is a membrane-bound enzyme (peptidase) that catalyses the degradation of a number of endogenous peptides, most notably the natriuretic peptides, as well as amyloid-β peptide, angiotensin II, bradykinin, and substance P. In the PARADIGM trial 40 , the use of an angiotensin receptor-neprilysin inhibitor (LCZ696, which is a fixed-dose combination of valsartan and sacubitril) resulted in striking reductions in all-cause mortality, cardiovascular mortality, and heart failure hospitalizations when compared with the use of an ACE inhibitor (enalapril) alone.
Peripheral vasculature
Peripheral vascular resistance and the relative distribution of blood flow to various organs are controlled by a combination of systemic factors, including the SNS and RAAS, as well as local autoregulatory mechanisms 1 . Heightened activity of the adrenergic nervous system leads to stimulation of β 1 -adrenergic receptors, which causes peripheral arterial vasoconstriction (FIG. 2) . Other potent vasoconstrictors relevant in heart failure include angiotensin II, arginine vasopressin, endothelin, neuro peptide Y, and urotensin II. Arteriolar vasoconstriction helps to maintain blood pressure, whereas local auto regulatory mechanisms ensure adequate tissue perfusion to vital organs. In heart failure, these homeostatic mechanisms preserve blood flow to the brain and heart, while shunting blood flow away from the skele tal muscles, skin, splanchnic organs, and kidneys 1 . In addition, neurohormonal activation results in increased venous tone, which is intended to augment cardiac output through increased preload to the heart (Frank-Starling law). However, the increase in venous return can lead to an unwanted increase in LV filling pressure, whereas the increased peripheral vaso constriction leads to increased afterload. These haemodynamic changes contribute to adverse LV remodelling, worsening LV pump performance, and increased neuro hormonal activation 1 . Importantly, many of the counter-regulatory vasodilator responses provided by apelin, bradykinin, natriuretic peptides, nitric oxide, and vaso dilatory prostaglandins become blunted in the setting of heart failure, resulting in sustained vasoconstriction. 
LV remodelling and myocyte biology
The term 'LV remodelling' refers to the changes in LV mass, volume, and shape, and in the composition of the heart that occur after cardiac injury or abnormal haemodynamic loading conditions. The mechanical burdens engendered by the changes in LV geometry contribute independently to the progression of heart failure. As will be discussed below, sustained neurohormonal activation leads to a number of cellular and molecular changes in the heart that directly contribute to LV remodelling
. These changes include alterations in myocyte biology, energetics, and metabo lism; and progressive loss of myocytes through apoptosis, autophagic cell death, and necrosis. In addition, reorganization of the extracellular matrix occurs, with dissolution of the organized structural collagen weave surrounding the myocytes and subsequent replacement by an interstitial collagen matrix that does not provide structural support to the myocytes. Numerous studies have shown that failing human cardiomyocytes undergo a number of important biological changes that might lead to a progressive loss of contractile function 41, 42 . These changes include myocyte hypertrophy; desensitization of β-adrenergic signalling; decreased α-myosin heavy chain gene expression with a concomitant increase in β-myosin heavy chain gene expression; changes in excitation-contraction coupling and energy metabolism; progressive loss of myo filaments in cardiomyocytes (myocytolysis); and alter ations in cytoskeletal proteins
. A full description of these changes is beyond the scope of this Review, but they have been discussed previously 41, 42 .
Cardiomyocyte hypertrophy. As shown in FIG. 3 , two basic patterns of cardiac hypertrophy occur in response to haemodynamic overloading. In HFrEF, the failing heart progressively dilates, referred to as 'eccentric hypertrophy' because of the lateral (that is, eccentric) location of the heart in the thorax. Eccentric hypertrophy develops in response to volume overload. Individual myocytes develop an elongated appearance and are characterized by the addition of sarcomeres in series 43 . By contrast, 'concentric hypertrophy' , which develops in response to pressure overload, leads to the addition of sarcomeres in parallel. Although the cellular character istics of cardiac hypertrophy generally conform to classic eccentric or concentric hypertrophy patterns, there are clinical conditions wherein combined pressure and volume overload lead to a 'mixed' pattern of hypertrophy (for example, increased cell length and increased cross-sectional area). The signalling pathways responsible for pathological cardiac hypertrophy have been extensively studied and reviewed 44 . Myocyte hypertrophy is also associated with changes in sarcomere composition and architecture. Some of the more pathophysiologically relevant changes include a decrease in MYH6 expression with an increase in MYH7 expression 45 , which might contribute to decreased contractility. Alterations in the expression or activity of myofilament regulatory proteins have also been proposed as a potential mechanism for the decrease in cardiac contractile function in heart failure, including changes in the myosin light chains, the troponin-tropomyosin complex, and titin. Patients with end-stage heart failure experience a loss of contractile proteins and functional sarcomeres, termed myocytolysis 46 . To what extent this phenomenon occurs at earlier stages of the disease is unclear. However, sarcomere disarray is routinely observed in many disease models, and probably contributes to contractile dysfunction. Moreover, changes to the cytoskeleton, which include increased changes in protein expression and/or disorganization, might also contribute to disease progression 47 . β-Adrenergic receptor desensitization. Adrenergic stimulation, primarily through activation of β-adrenergic receptors, is a critical determinant of myocardial performance that enables acute changes in cardiac output to be made. In the healthy human heart, the β 1 -adrenergic receptor is the predominant subtype (70-80%); the remaining 20-30% of adrenergic receptors are the β 2 subtype. These receptors are members of the G-protein-coupled receptor family 48, 49 . β 1 -Receptor stimulation leads to activation of G s -protein signalling, which increases adenylyl cyclase activity resulting in accumulation of cAMP. β 2 -Receptors drive a unique set of responses as these receptors link not only to G s proteins, but also G i proteins, which inhibit adenylyl cyclase.
The chronic adrenergic stimulation that occurs in heart failure results in important changes in β-adrenergic receptor signalling [49] [50] [51] . The failing heart exhibits decreased β-receptor-mediated adenylyl cyclase stimulation and contractile responses 52 . This decreased Nature Reviews | Cardiology Figure 2 | Effects of sympathetic nervous system activation. Increased sympathetic nervous system (SNS) activity contributes to the pathophysiology of heart failure through multiple mechanisms involving cardiac, renal, and vascular function. In the heart, increased SNS outflow leads to desensitization of the β-adrenergic receptor (βAR), myocyte hypertrophy, necrosis, apoptosis, and fibrosis. In the kidneys, increased sympathetic activation induces arterial and venous vasoconstriction, activation of the renin-angiotensin-aldosterone system (RAAS), increase in salt and water retention, and an attenuated response to natriuretic peptides. In the peripheral vessels, increased SNS activity induces neurogenic vasoconstriction and vascular hypertrophy. responsiveness is related to changes in receptor expression and function. In the failing heart, expression of the β 1 receptor is decreased, with the ratio of β 1 receptors to β 2 receptors being close to 1:1 (REF. 53 ). Moreover, adrenergic receptors of both subtypes undergo functional desensitization, leading to uncoupling from downstream G-protein activation 48, 51 . These changes in receptor biology are caused by members of the G-protein-coupled receptor kinase (GRK) and β-arrestin gene families 54 . GRK2, also known as β-adrenergic receptor kinase 1 (βARK1), phosphorylates the cytoplasmic loops of the β 1 -adrenergic and β 2 -adrenergic receptors. Phosphorylation increases the affinity of the receptors for β-arrestin. β-Arrestin binding both uncouples the receptor from downstream signalling events and leads to internalization of the receptor. The internalized receptor can then either be degraded or recycled back to the cell membrane. Myocardial levels of βARK1 have been shown to be increased in the failing heart, and these increases are inhibited by treatment with β-blockers 55, 56 . Experimental studies have shown that inhibition of βARK1 not only restores adrenergic sensitiv ity, but also improves contractile function of the heart and survival [57] [58] [59] [60] .
Transcriptional reprogramming of cardiomyocytes.
Changes in gene expression in failing cardiomyocytes can be caused by several factors including neurohormonal activation and exposure to mechanical stress, proinflammatory cytokines, and reactive oxygen species, which collectively lead to impaired myocyte contractility 61 . One of the most prominent changes is the switch in myosin isoforms from MYH6 to MYH7, as discussed above. Change in expression of genes involved in excitation-contraction coupling (discussed in the next section) and in cardiac metabolism also occur. The metabolic changes result in glucose being used as the primary fuel in the heart instead of fatty acids, which are the usual substrate in the healthy adult heart. Importantly, treatment with β-blockers, ACE inhibitors, and ARBs results in a partial normalization of transcriptional programme in the failing heart [62] [63] [64] .
Excitation-contraction coupling. Excitationcontraction coupling refers to the series of events that begins with an action potential and ends with myocyte contraction and relaxation 65 . Calcium cycling is crit ical to this process, and the magnitude of the calcium transient is a major determinant of contractility. The action potential depolarizes the membrane causing opening of voltage-gated calcium channels. Calcium ions (Ca 2+ ) entering the myocyte through the L-type calcium channel activate the ryanodine receptor 2 (RyR2), which serves as a calcium-gated channel that releases Ca 2+ from the sarcoplasmic reticulum. The resultant rise in cytosolic Ca 2+ concentration allows actin-myosin cross-bridging. Ca 2+ is then primarily pumped back into the sarcoplasmic reticulum by the sarcoplasmic/ endoplasmic reticulum Ca 2+ ATPase 2a (SERCA2a) 65 . In addition, a small amount of Ca 2+ is pumped into the extracellular space by the sodium-calcium exchanger.
Depletion of Ca 2+ in the sarcoplasmic reticulum and impaired calcium transit contribute to impaired ventricular function in heart failure 65 . Activation of cAMP-dependent protein kinase (also known as protein kinase A) downstream from β-adrenergic receptor signalling results in the phosphorylation of a number of proteins involved in excitation-contraction coupling, including RyR2 (REF. 66 ). Increased phosphorylation of RyR2 results in dissociation of calstabin 2 (also known as FK506 binding protein 12.6), which destabilizes the closed state of the RyR2 resulting in diastolic Ca 2+ leak 66 . Depletion of Ca 2+ stores in the sarcoplasmic reticu lum is caused not only by diastolic leak, but also by impaired reuptake of Ca 2+ into the sarcoplasmic reticulum. In the failing heart, SERCA2a expression and function are decreased 67, 68 . The decease in function is due in part to decreased phosphorylation of phospholamban, resulting in increased phospholambandependent inhib ition of SERCA2a activity. Treatment with β-blockers restores SERCA2a expression and RyR2 function 62, 69, 70 .
Changes in the myocardium
The failing myocardium undergoes changes in cellular composition and in the extracellular matrix that, coupled with alterations in myocyte biology, result in adverse LV remodelling -chamber dilatation, wall thinning, and increased sphericity. These changes in chamber geometry contribute to LV dysfunction and disease progression 71 . The role of neurohormonal activation in the pathophysiology of LV remodelling and heart failure is increasingly being recognized. Cellular composition of the failing heart. Given that the adult mammalian heart has minimal capacity to regenerate, progressive loss of myocytes leads to impaired cardiac function. Myocyte death by various mechanisms, including necrosis, apoptosis, and autophagic cell death, has been observed in human end-stage heart failure 72, 73 . The rate of cell death is increased in patients with heart failure compared with healthy individuals, but is much lower than in those with acute myocardial infarction 74 . The relative importance of myocyte death in the failing heart could, therefore, be questioned. However, several lines of evidence indicate that progressive myocyte cell loss is likely to contribute to disease progression in patients with heart failure 74 . Necrosis was originally thought to be a passive mode of cell death, but is now known to occur in a regulated manner 75 . Necrotic cell death is characterized by cytoplasmic swelling with eventual rupture of the plasma membrane, as well as swelling of organelles including the mitochondria. Necrosis in the heart is accompanied by an increase in cytosolic Ca 2+ levels, resulting in excessive activation of the crossbridges and the formation of stereotypical contraction bands. Neurohormonal activation leads to necrotic myocyte cell death. Pathophysiologically relevant concentrations of noradrenaline and angiotensin II are sufficient to induce cardiomyocyte necrosis 13, 76, 77 . Necrotic cell death not only results in myocyte loss, but can also contribute to inflammation in the heart through the release of intracellular molecules termed 'damage-associated molecular patterns' . These molecules are recognized by the innate immune system, resulting in a sterile inflammatory reaction that can cause further tissue damage and additional myocyte death 78, 79 . Although increased myocyte apoptosis has been consistently observed in failing hearts, the absolute rate of this type of cell death varies considerably 72, 73, 80, 81 . Much of the existing data come from studies of advanced heart failure, and the rate of apoptosis at early stages of the disease is less clear. In transgenic mice overexpressing caspase 8, a chronic low rate of apoptosis (similar to that seen in human end-stage heart failure) was sufficient for the development of dilated cardiomyopathy 82 . This finding suggests that ongoing apoptosis, even at a low level, could contribute to the progression of heart failure. Several studies have demonstrated that neurohormonal activation is sufficient to drive apoptosis. The β 1 -adrenergic receptor mediates an increase in apoptosis, whereas the β 2 -adrenergic receptor actually protects against apoptosis 83 . Angiotensin II and tumour necrosis factor have also been shown to induce cardiomyocyte apoptosis 84, 85 . Autophagic cell death is morphologically defined as cell death occurring with massive autophagic vacuolization of the cytoplasm. Although observed in human heart failure, this mode of cell death is not as well understood as necrosis and apoptosis 73 . Autophagy is generally thought of as a cell survival pathway activated by a variety of stresses that catalyses the breakdown of intracellular organelles and proteins 86 . The process is important in quality control of organelles and longlived proteins, and can be used to generate fuel at times of stress. However, whether autophagy occurs with cell death or actively contributes to the death of the cell, is unclear 75 . In the setting of cardiovascular biology, the role of autophagy in response to various insults is still being clarified 87 . In response to ischaemia-reperfusion injury, impaired autophagic flux has been linked to cardiomyocyte cell death 88 . a | When overload is predominantly caused by an increase in pressure (for example, with systemic hypertension or aortic stenosis), the increase in systolic wall stress leads to the parallel addition of sarcomeres and widening of the cardiomyocytes, resulting in 'concentric hypertrophy'. When the overload is predominantly caused by an increase in ventricular volume, the increase in diastolic wall stress leads to the series addition of sarcomeres, lengthening of cardiomyocytes, and left ventricular dilatation, which is referred to as 'eccentric hypertrophy'. b | Phenotypically distinct changes occur in the morphology of the myocyte in response to the type of haemodynamic overload. When the overload is predominantly caused by an increase in pressure, the increase in systolic wall stress leads to the parallel addition of sarcomeres and widening of the cardiomyocytes. When the overload is predominantly caused by an increase in ventricular volume, the increase in diastolic wall stress leads to the series addition of sarcomeres, and thus lengthening of cardiomyocytes. The expression of maladaptive embryonic genes is increased in both eccentric and concentric hypertrophy, but not in physiological myocyte hypertrophy that occurs with exercise. Extracellular matrix. The organized structure of the heart is determined by a network of extracellular matrix proteins. The extracellular matrix provides a scaffold for the orderly arrangement of myocytes and myo fibrils and is critical in the transmission of contractile force 89 . Several changes to the extracellular matrix occur in heart failure -including alterations in collagen synthesis, degradation, and crosslinking -all of which have been linked to neurohormonal activation and contribute to LV remodelling. Any disturbance in the balance between extracellular matrix breakdown and production can have a detrimental effect on myo cardial function. Increased fibrosis results in a stiffened ventricle and can distort tissue architecture. Conversely, increased extracellular matrix breakdown can impair force transduction, and loss of scaffolding contributes to ventricular dilatation.
In the healthy heart, the extracellular matrix is maintained by resident fibroblasts. Tissue injury leads to accumulation of myofibroblasts, which share characteristics of both fibroblasts and smooth muscle cells, and are involved in collagen production and fibrosis. Myofibroblast accumulation and activation are controlled by a complex interaction of neuro hormonal, mechanical, and inflammatory signals 90, 91 . RAAS activ ation is a potent stimulus for myocardial fibrosis. Angiotensin II acts directly through the AT 1 receptor to drive fibroblast division and collagen production 92, 93 . Treatment with ACE inhibitors or mineralocorticoidreceptor antagonists has been shown to decrease cardiac fibrosis [94] [95] [96] . The fibrillar collagen matrix was initially thought to form a fairly static complex, but these structural proteins are now recognized to undergo rapid turnover 89 . A family of collagenolytic enzymes collectively referred to as matrix metalloproteinases (MMPs) have been shown to be activated in the failing myocardium, a discovery that has provided new insight into the pathogenesis of LV remodelling 89 . Conceptually, disruption of the extracellular matrix would be expected to lead to LV dilatation and wall thinning as a result of rearrange ment of myofibrillar bundles within the LV wall. Although the precise biochemical triggers of MMP activ ation are not known, many neuro hormones expressed within the failing myocardium can activ ate MMPs. The overall rate of extracellular matrix degrad ation is controlled by the balance between the expression of MMPs and of their inhibitors -tissue inhibitors of metallo proteinases (TIMPs). In heart failure, MMP9 expression is increased and expression of TIMP1 (also known as metalloproteinase inhibitor 1) and TIMP3 (also known as metalloproteinase inhibitor 3) is decreased 97 . In experimental models, increased expression of MMPs and decreased expression TIMPs have both been shown to contribute independently to myocardial dilatation and heart failure progression [98] [99] [100] [101] . Left ventricular structure. The aforementioned changes in myocyte biology and in the myocardium of the failing heart are the primary causes of progressive LV dilatation and increased sphericity that occur during cardiac remodelling. Indeed, many of the structural changes in LV remodelling can contribute to worsening heart failure. A full description of these changes in LV geometry is beyond the scope of this Review, but they have been discussed previously 42, 102 .
Conclusions
In this Review, we have summarized clinical and experimental observations indicating that the progression of heart failure is driven, at least in part, by the sustained activation of the SNS and RAAS. Although the activation of these 'neurohormonal' systems maintains cardio vascular homeostasis in the short term, numerous experimental studies have demonstrated that the biologically active molecules that are produced by the adrenergic nervous system and RAAS (such as noradrenaline, angiotensin II, and aldosterone) are toxic when expressed at the levels observed in the failing heart. These important observations have led to the formulation of the 'neurohormonal model' for heart failure, which forms the corner stone of current heart failure therapy. The deleterious effects of sustained SNS and RAAS activation on the heart are counteracted by β-adrenergic blocking agents and by ACE inhibitors, ARBs, and mineralocorticoidreceptor antagonists, respectively. Moreover, the striking success with the use of angiotensin receptor-neprilysin inhibitors 40 can also be viewed within the context of our understanding of neurohormonal activation. These drugs are contemporary, second-generation neuro hormonal antagonists that block the RAAS and also correct the imbalance between endogenous vasoconstrictors (such as angiotensin II) and vasodilators (such as the natriuretic peptides) that results from sustained neurohormonal activation. However, although neurohormonal antagonists help to stabilize the symptoms of heart failure and promote reverse LV remodelling, the 'remission' from heart failure is self-limiting and will eventually recur 103 . Therefore, although the neurohormonal hypothesis has greatly expanded our understanding of heart failure, this model does not fully explain disease progression. Indeed, focusing directly on the individual biological mechanisms involved in LV remodelling could provide new insights into the pathophysiology of heart failure progression and inform attempts to develop new therapeutics.
